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Contents for previous class
Chapter 3 Crystal Interfaces and Microstructure
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 Interfacial Free Energy ¢ : ym2

— The Gibbs free energy of a system containing an interface of area A

vapor
- Gbulk + Ginterface ‘ solid ‘

* Interfacial energy (y ) vs. surface tension|(F) > F =y + A dy/dA

—>1G=G,+yA

* Origin of the surface free energy? - | Broken Bonds

Solid/Vapor Interfaces |highT; — high L, — high y,,

*vinterfacial energy = free energy (J/m2) y-0 plot
>y =G=H-TS Equmbrlum shape Wulff surface

=E+PV-TS ( PVisignored) ZAJ/, Mlnlmum

-y = E,, — TS, [(Ss, thermal entropy, conflguratlonal entropy)

— 0y /dT =-S :surface energy decreases with increasing T



Contents for previous class
Chapter 3 Crystal Interfaces and Microstructure
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« Boundaries in Single-Phase Solids
(a) Low-Angle and High-Angle Boundaries

[ symmetric tilt or twist boundary
non-symmetric tilt or twist boundary
© < 15°: The| HA Qoj| A= TRIQ T of| %]
- Relation between D and y ? Grain boundary
Sin® = b/D, at low angle Energy ¥
— D=b/© — vy, is proportional to 1/D
— low angle tilt boundary
— Density of edge dis.

Low High
angle angle

Misorientation 6

© > 15°: {9 Z+H0| L7 Zof MRIFSH2 SFE|D ZjZf9| H| =2|H FEHO| o2 3.

high angley,, = 1/3ys, - Broken Bonds 3
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Chapter 3 Crystal Interfaces and Microstructure
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(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials

« Thermally Activated Migration of Grain Boundaries
 The Kinetics of Grain Growth

e Interphase Interfaces in Solid 4



Special High-Angle Grain Boundaries

: high angle boundary but with low y,,,
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(a ) Coherent twin boundary
symmetric twin boundary

— low Yg.b. .
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(b)

WHY = HHH

Incoherent twin boundary
asymmetric twin boundary

— low Yg.b. .
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Twin boundary
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Special High-Angle Grain Boundaries

(c) Twin boundary energy as a function of the grain boundary orientation

Incoherent
{win

«— Coherent twin

.

;p—-

Table 3.3 Measured Boundary Free Energies for Crystals in Twin Relationships
(Units mJ/m?)

Coherent twin  Incoherent twin Grain
Crystal boundary energy boundary energy boundary energy
Cu {21 498! 623
Ag P8 << : 1261 < :377:
Fe-Cr-Ni £ 19 ¢ § 2001 8351

(stainless
steel type 304)




Special High-Angle Grain Boundaries
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Fig. 3.13 Measured grain boundary energies for symmetric tilt boundaries in Al (a) When
the rotation axis is parallel to <100, (b) when the rotation axis is parallel to <110>. (After
G. Hasson and C. Goux, Scripta Metallurgica, 5 (1971) 889.)

Why are there cusps in Fig. 3.13 (b)?

FCC 250M A™EAA U= Aol <110> £2 A Z 70.5° 0| B: Mg AHZAO
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Fig. 3. 14 Special grain boundary. (After H. Gleiter, Physica

Solidi (b) 45 (1971)9.)



Equilibrium in Polycrystalline Materials
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Fig. 3.15 Microstructure of an annealed crystal of austenitic stamnless steel. (After P.G. 12
Shewmon. Transformations in Metals, McGraw-Hill, New York. 1969)



Poly grain material

of an annealed crystal
mations in Merals. Mc

of austenitic stainless steel. (Alter
Graw-Hill, New York, 1969.)

G.B.= 1 oL x] B

Equil. ~ no grain boundary
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F, 56 — 48y
1o P
F. l F
1) F =y
2)F, ?

P is moved at a small distance(8y)

A.work done by : F, 8y

B. increase boundary energy caused

by the change in orientation 80 ~ | (dy/d©) 60

F, 8y = | (dy/d6) 50

— F, =dy/d0 torque force

— segment of g.b. moves to low energy position
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do
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| (3)Incoherent

|
y :| twin
[
(1): <« Coherent twin
-
¢ 9 —
(1) 2 N
| F, =dylde
LAHX| X2 ~torque = 0 S| MK &1 SX|8H7] 28 LA cusp
Mxl 20{F7|= ol ti8st= & =&
7 L
— There is little effect of orientation

AN

— How metastable equil. ? — force (torque)

14



* general high angle boundary : dy/d0 = 0
— consider more S|mp|y %OI-BI' °|7:"O-"|:|X|/H°|'-?-IQI- 'I?':In:l'

— 3 grain ALO|2] HAAFOM EQY Fdo| 2ast a4
‘ Y13
grain 3 L T & R S T
sinf, sinf, sind,
e : i
V.. - X6 grain 1
23 8,
—- 0 =120°
grain z v, ~ 2B¥2301n02 Z2E 43
If the solid-vapor energy (¥sp) IS
the same for both grains,
5 v
Y sv CDSE = Vb
(Th, torque 21} FA|)
YA F85t= o SH:
=2 2 0A AlH o{dE = Fig. 3. 18 The balance of surface and
. - grain boundary tensions at the intersection
ALt #H wXpPEe| 2t 57 of a grain boundary with a free surface.



GB oz f 1) UAEdd +2) #H T 7
3.3.4. Thermally Activated Migration of Grain Boundaries

If the boundary is curved in the shape of cylinder, Fig. 3.20a,
it is acted on by a force of magnitude y/r towards its center of curvature.

Therefore, the only way the boundary tension forces can balance
in three dimensions is if the boundary is planar (r = o) or ifitis
curved with equal radii in opposite directions, Fig. 3.20b and c.

Net Force due to Surface Tension

Balance :
in three dimensions:

Fig. 3.20 (a) A cylindrical boundary with a radius of curvature r 1s acted on by a
force y/r. (b) A planar boundary with no net force. (¢) A doubly curved boundary

with no net force.

6



Direction of Grain Boundary Migration during Grain Growth

For isotropic grain boundary energy in two dimensions,
Equilibrium angle at each boundary junction? —-120°
Equilibrium angle at each boundary junction in 3D? —-109°28’

Morphology of metastable equilibrium state —— 12 0|34 0|&
120"

L]
Boundaries around Grain < 6 120
; grain shrink, disappear

- . 120°
Boundaries around Grain = 6 I\
- equilibrium :

Boundaries around Grain > 6

, grain growth
Reduce the # of grains, increase the mean grain size, reducing the total G.B. energy
called grain growth (or grain coarsening): at high temperature above about0.5 T



Grain Growth (Soap Bubble Model)

Fig. 3.22 Two-dimensional cells of a soap solution illustration the process of grain

growth. Numbers are time in minutes, (After C.S. Snuth. Metal Interfaces,
American Society for Metals, 1952, p. 81.)



Example of Grain Growth simulation in 3D

19




Grain Coarsening at High Temp. annealing:
0= 2%8EN A= HAXE LA ol x|of 2Jof =2 HE 3.
AX2R2E HO{X LI7tM o= 28 el A%t xt2[ofl CHA| E3.

Boundary
motion

(@) Grain1 —= Grain 2 (b)
- ) -
Fig. 3.23 (a) The atomuic mechanism of boundary migration. The boundary migrates to the

left if the jump rate from grain 12 2 is greater than 2 = 1. Note that the free volume
within the boundary has been exaggerated for clarity. (b) Step —like structure where close-

packed planes protrude into the boundary.




Grain coarsening at high T, annealing
— metastable equil. state curvature ~ AP ~Au

: # |, size 1

High energy Low energy

\ / .........................................................
; l * . effect of pressure difference by curved boundary
Unit—| F< *
area KT ST T ==) Driving force for grain growth : F
o —
dx  Grain boundary 248 BE o7k 2489 =

1 (dx/V,.)
Fig. 3.25 A boundary separating grains with different free energies is

subjected to a pulling force F. Work : F dx = (2’YVm/ r) (dX/ Vm)

m 21
=29 THANHT X7l %] Xto]



Gibbs-Thompson Equation

AG of a spherical particle of radius, r AGr(S) =4rr 27
3
AG of a supersaturated solute in liquid AG .. = —47” X AGV
! —_— ! : . r() —
In equilibrium with a particle of radius, r 3

Equil. condition for open system
— Ap should be the same. Au=8rry=4rr 2AGV

2 2
@ Ad: /mole or by per unit volume
I I

AG, = 2 [r* r*: in (unstable) equilibrium
v VsL . L
with surrounding liquid

AG, | ”



* How fast boundary moves ? : Grain Growth Kinetics
Grain boundary migration by thermally activated atomic jump

*(1) = (2) : Flux

(1) atoms in probable site : n;

Vibration frequency : v,

A, : probability of being accommodated in grain (2)

Free energy G
[
!

P

— A,n, v, exp(-AG¥RT) atom/m?s=1J,_,, . e
* (2) _)(1) - Flux Distance

— A/ n, Vv, exp[-(AG*+AG) /IRT] =J,_,,

o

When AG=0, there is no net boundary movement.

A, n; v;=A; n,v, = Anv
When AG >0, there will be a net flux from grain 1 to 2. (nZZ ZA Al~A2=1)
(A, n; vi=A; n,v, = Anv)

Ji oy - Aoy = Anvexp(-AG?/RT) [1- exp(-AG/RT)] -



If the boundary is moving with a velocity v, the above flux must also be equal to ?

J=CVv - V/(V,IN,) (v /N,: atomic volume)

If AG is small [AG <<RT] — exp (- AG/RT)&E Tayler H 7|

2 a . a
where M = AV Vi exp AS exp AR
N.RT R RT

M : mobility = velocity under unit driving force ~ exp (-1/T)

—> The boundary migration is a thermally activated process.
24



Whose mobility would be high between special and random boundaries?
ATz nES Sl

[ High energy G.B. => Open G.B. structure => High mobility

Low energy G.B. => closed (or dense) G.B. structure => Low mobility
Z2 A3 =Hpog Ex) e &dEA

But. |deal <= Real -.,.E\A Special

= EA O o ox . gﬁ‘\ O boundaries
CHE S5 UA|0] A, REAM TR
nZZ LA Rt 0I557} 3ct Why?  § % o s LK
o & =
E -\ o Eago| ¥ Aol R
E 01 li
2 - . :
=] . Random _
= L : _—grain boundaries
8 oo IN\¢ sraase) gol s7to
£ - Ne 2435 2
PE E#2o| oo mpa
2 0001k QlaorA et
=H A3 e B
— ===1 A2 42 X0 ge |
x~ - -— .
o==7:"9-| _6_%0" [[I-EI- Egl- G OU‘UJO‘] I | | | i |

0 002 0004 0-006
Concentration of tin, wt%

~r—

Migration rate of special and random boundaries at 300 °C
in zone-refined lead alloyed with tin under equal driving forces



Solute drag effect In general,
G, and mobility of Pure metal
decreases on alloying.

o
T

~Impurities tend to stay at the GB.

S

Generally, AG,, tendency of seg-
regation, increases as the matrix

solubility decreases.

D-E“'
|

— AISI3340CSh ory-sh RT :

E 3

osFe-N asFe-P . :
E}Mh/ Sfeel_se E --------------------------------------

#»* QT

2_/ o Tosfy %t X,/Xo: GB enrichment ratio

dFe—Sn -
L Felr - 25 SN YA A T2
B v Fe-S

?‘?‘i‘-ﬁ?/we-‘ii d G, T x, T Mobilityofcs.[]
o Fe- S|
VU B Alloying elements affects mobility of G.B.
1

I | 1
1 10 10"
Atomic solid solubility X,

o

Grain boundary enrichment ratio B, ~ X./X,

X, : matrix solute concentration/ X, : boundary solute concentration
AG, : free energy reduced when a solute is moved to GB from matrix. = 26

Q= ALK} 7| X| 2 XIete] XA Z|XI ExE S7t 2RLAXZF et Z4ASIH S}



Schematic diagram illustrating the possible interactions of
second phase particles and migrating grain boundaries.

pinning by particles

T T T T

dragging

LI B B B e S ae Sn e LR
O
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Pinning by particle

0.5um

28



The kinetic of grain growth

*driving force F = AG/V,, — Vv=M(AG/V,) %4 EZ&=

M : exponentially increase with temp.

Mean grain size : D

_ Mean radius of curvature of boundary : r
W / iIf D o< r,

Mean velocity : V= aM (AG/V,)) =dD/dt  (AG =2yV,/r)

(XM(ZY/D) = dD/dt (oL = proportionality const ~1)

dD/dt (rate of grain growth) ~ 1/D , exponentially increase with T

29



HO
lo
1=
[0

Dy, D FZHO| M X

=
=7

H

|‘6‘ o

dD = | 2aMydt

D

0

— 15 (D2 - D,2) = 2aMyt

— (D?-Dy?) = 4(1|\/|\{t = kt

if D, ~0— D=kt

— D = k't" (experimental :

_-Single phase

With particle
dispersion

—a {

r = average radius of particles
f, = volume fraction of particles

n << %, %2 at only high temp.)

30



Normal Grain Growth

e Grain boundary moves to reduce 4
area and total energy

e Large grain grow, small grains shrink

e Average grain size increases

e Little change of size distribution

Frequency

Grain diameter

31




Abnormal Grain Growth
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Abnormal Grain Growth
= discontinuous grain growth or secondary recrystallization

C

o
Sy

Figure 5.87 Optical micrograph showing abnormal grain growth in a fine grain  Fjg, 5.48. Evidence for the preferential formation of (110)[001]-oriented grains
steel containing 0.4 wt”4 carbon. The matrix grains are prevented from growing by secondary recrystallization in 5% Si-Fe (Graham [1969]).
by a fine dispersion of carbide particles that are not revealed. Magnification

# 135, (After Gawne and Higgins 1971. Courtesy of the Metals Society.)
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Effect of Second-Phase Particles M
|
Interaction with particles Zener Pinning

O v o

M

D
(@)

Derive the expression for the pinning effect of grain boundary migration
by precipitates.

Y s}ne v Sind

— - T ——

...... %J 2'=E
line of contact | =2

Dragging force

|

so that at 8 = 45°

Fraz = y7r
ThY UXIE Qlol 47l glo| x|cHZk



Interaction with particles Zener Pinning

f, = volume fraction of randomly distributed particles of radius r

. . f
N,y = NUmMber of particles per unit volume N=—"—
ey

"-~ =’-~
.: g If the boundary is essentially planar,
~~_' :~~-"' ,

: Ninteract = 2MNjota = 3fV/27'CI’

; ,"'.\

P ) . .

AN Given the assumption that
K¢ | all particles apply the maximum pinning force,
]
\ m the total pinning pressure

SR AN

E - ’

i A &

P S 3f 3f

P=—"T5-7ry= v/

g 27 2r

2r This force will oppose the driving

Only particles within one radius (solid circles)  force for grain growth, 27//5
can intersect a planar boundary




3f, 3f,y

Interaction with particles Zener Pinning P=—%% 7ry=
27r? 21
This force will oppose the driving
P : —
1} o force for grain growth, 27//D

O

2y  3fy _ 5 4r :

i - : :
| D 2r LT 3f
e . L %cl o Te———
O 2 O
D For fine grain size
— F = 2y/r = AG/V,, (by curvature) - alarge volume fraction of very small particles
* Effect of second-phase particles pj _-Single phase
on grain growth — D = k'tn
Eljmax - ar ""'""
_—— 3, With particle
dispersion
oMt ZFEo| QHgat|2H
S &2 QUXt (r )7t Brofof stet (f 1),
i
EDmax - 3f l
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